Larvae of the Mediterranean pteropod Cavolinia inXexa were maintained at controlled pH T values of 8.1, 7.82 and 7.51, equivalent, respectively, to pCO 2 levels of 380, 857 and 1,713 atm. At pH T 7.82, larvae exhibited malformations and lower shell growth, compared to the control condition. At pH T 7.51, the larvae did not make shells but were viable and showed a normal development. However, smaller shells or no shells will have both ecological (food web) and biogeochemical (export of carbon and carbonate) consequences. These results suggest that pteropod larvae, as well as the species dependent upon them or upon adults as a food resource, might be signiWcantly impacted by ocean acidiWcation.
Introduction
The massive anthropogenic release of carbon dioxide is leading to profound changes in the ocean carbonate chemistry. Due to continuous gas exchange with the atmosphere, the oceans have absorbed about 25% of human CO 2 emis-sions since 1800 (Sabine et al. 2004) . This uptake causes a pH decrease already measurable as global mean surface ocean pH has declined by about 0.1 unit since the end of the eighteenth century and, according to model projections, might decline by another 0.6 in the next 200 years (Caldeira and Wickett 2003) . The resulting changes in the seawater carbonate chemistry are a decrease in the aragonite saturation state and a shallowing of the aragonite saturation horizon (Orr et al. 2005) . Several studies on the impact of decreased pH demonstrated a decrease in calciWcation for organisms, such as phytoplankton (e.g. Riebesell et al. 2000) , commercial molluscs (Gazeau et al. 2007 ), corals and coralline algae (e.g. Gattuso et al. 1998; Langdon and Atkinson 2005; Reynaud et al. 2003) . Note, however, that even though 10 of the 18 benthic organisms investigated by Ries et al. (2009) exhibited a decreased calciWcation at intermediate (606 and 903 atm) and high pCO 2 levels (2,856 atm), seven exhibited an increased calciWcation.
Pteropods are widely distributed pelagic molluscs that are highly specialized for life in the open ocean. The "sea-butterXies" are Wlter-feeder and produce large mucus webs for collecting mostly phytoplankton but also small zooplankton or their juveniles (Gilmer and Harbison 1986; Harbison and Gilmer 1992; Gannefors et al. 2005 ). The thecosome "shelled pteropod" species produce an external calcium carbonate shell made of aragonite. Pteropods are also an important component of marine food webs, for example, in the high latitudes, they can represent as much as 90% of the total zooplankton and is a major dietary component for zooplankton and higher predators, such as herring, salmon, whale and birds Karnovsky et al. 2008) . Shelled pteropods also play a geochemical role in the oceans, as signiWcant contributors to the export of carbonate (Berner and Honjo 1981) and carbon to the deep ocean (Collier et al. 2000) .
The experiments reported here were carried out on larvae of Cavolinia inXexa, one of the most common species of thecosome pteropods. They are particularly abundant in the Mediterranean Sea and widely distributed in temperate waters, mainly at subtropical latitudes (Bé and Gilmer 1977) . C. inXexa plays also an important role in the recycling of the detritus and in the direct transfer of energy from the lower trophic levels (phytoplankton) to higher levels (Wsh). Like all pteropods, C. inXexa is a protandrous hermaphrodite and reproduces preferably during winter in the Mediterranean Sea at which time they are mostly located in the surface layer (Rampal 1975) . Eggs are found in mucus masses ("clutches") containing about 40-50 eggs Xoating near the surface. The development of the eggs into veliger larvae is completed inside the clutch, veliger larvae hatch after few days.
Despite great concerns about their future, few data are available on the response of pteropods to ocean acidiWcation (Orr et al. 2005; Comeau et al. 2009 ). The present study is the Wrst one to report on the eVects of ocean acidiWcation on early life stages of pteropods, presumably the most sensitive life history stage. The linear shell growth was measured on the larvae of C. inXexa maintained at pH values covering the range expected in the next 200 years.
Materials and methods
Larvae of C. inXexa were sampled in the Bay of Villefranche (NW Mediterranean Sea) on 3rd of March 2009. Clutches of larvae were collected by 5-min trawling of a plankton tow (type "Regent": 1 m diameter, mesh size of 700 m) between the surface and 10 m depth. Two freshly collected clutches containing veliger larvae were each separated into two halves under a binocular microscope using a scalpel. The halves of one clutch were placed at pH T 7.82 and 8.10 and the halves of the other clutch at pH T 7.51 and 8.10, each halves containing about 15 organisms. They were maintained in a climate room at in situ temperature (13°C) in 1 l closed jars Wlled with oVshore 2.2-m-Wltered seawater and were fed with phytoplankton (Isochrysis galbana) every second day. The jars were placed in a rotating system (plankton wheel) that maintained the larvae in suspension. Every second day, half of the seawater was changed and pH was adjusted by mixing of high CO 2 and low CO 2 waters in order to reach the expected pH values. A pH meter (Metrohm, 826 pH mobile) with a glass electrode (Metrohm, electrode plus) calibrated every second day on the total scale using Tris/HCl and 2-aminopyridine/HCl buVer solutions with a salinity of 38.0 (Dickson et al. 2007 ) was used to determine the pH. Total alkalinity (TA) was measured on triplicate samples at the beginning and end of the experiments. It was determined potentiometrically using a Metrohm titrator (Titrando 80). Measurements were carried out on 25 ml samples at 25°C, and TA was calculated using a Gran function applied to the pH values ranging from 3.5 to 3.0 as described by Dickson et al. (2007) . Carbonate chemistry parameters were determined from pH T , TA, temperature and salinity using the R package seacarb (Lavigne et al. 2009 ).
To help visualize shell formation, the larvae (contained in the mucus masses) were stained prior to the incubation in a calcein bath for 1 h (Wnal concentration: 50 mg l ¡1 ). The clutches were then rinsed by successive transfers in unstained seawater. Upon completion of the incubation (5 and 13 days), only active (or swimming) pteropod larvae were sampled, and photographs were made under UV-epi-Xuorescence using a Zeiss Axiovert 25 microscope. Shell extension was measured on photographs using the software Image J and reported mean § SD. Kolmogorov-Smirnov tests were used to assess the signiWcance of the diVerences in shell length between each treatment.
Results
The clutches containing veliger larvae (Fig. 1) were chosen for the experiment because they are easier to maintain and develop under laboratory conditions than clutches at an earlier stage containing eggs. Veliger larvae were free of the mucus masses 2 days after the beginning of the experiment.
Undersaturation with respect to aragonite was only measured at the lower pH; a was 0.86, 1.66 and 2.9 at pH T 7.51, 7.82 and 8.10, respectively (Table 1) .
After 5 days of incubation, the shells of larvae incubated at pH T 8.10 (304 § 38 m, n = 7) were longer than the shells of the larvae incubated at pH T 7.82 (243 § 46 m, mean § SD, n = 7). Individuals grown at pH T 8.10 exhibited a regular shell ( Fig. 2a ) but the ones maintained at pH T 7.82 exhibited a Xattened and irregularly shaped (Fig. 2b) . The Kolmogorov-Smirnov test conWrmed a statistical signiWcant diVerence between each treatment (P < 0.05). In the other clutch, after 5 days, the shell length of larvae was 73 § 8 m (n = 6) at pH T 7.51 and 192 § 20 m (n = 9) at pH T 8.1. The shells were signiW-cantly (P < 0.01) longer in the control condition. Only the larvae incubated at pH T 7.51 and 8.10 survived for another week. After 13 days, the larvae maintained at pH T 8.10 exhibited a normal shell of 418 § 22 m (n = 6; Fig. 2c ). At pH T 7.51, the shell had almost disappeared (38 § 21 m, n = 6). The Kolmogorov-Smirnov test con-Wrmed a highly signiWcant diVerence in shell growth (P < 0.01) between the two pH conditions after 13 days of incubation. Note that under aragonite undersaturation (pH T 7.51), the shells were signiWcantly (P = 0.01) smaller at the end of the experiment than after 5 days of incubation. The larvae were "naked", and the shells present at the beginning of the experiment were largely dissolved. As shown in Fig. 2d , only the proteinic primordial shells (protoconch) remained present. Despite a body exposed to the external environment as shown in the movie (Online Resource 1), the "naked" larvae had a behaviour (swimming activity) and a development similar to the one observed on the "normal" larvae. The survival rates were also similar as 30% of the larvae were still alive in both conditions after 13 days of experiment.
Discussion
The mortality of larvae in the Wrst clutch after 1 week of incubation is not related to pH as both halves kept at pH T 7.82 and 8.10 died at the same time. The only hypothesis that could explain this diVerence is the much larger number of ciliates in the clutch at the beginning of the experiment. Unfortunately, the low availability of pteropod clutches did not enable replication of this experiment. Note that the larvae in the two clutches did not have the same size. This diVerence in size came most likely from bigger eggs (Mc Laren 1965) that generally depend on the parent size and food supply (Checkley 1980) . At present, the Bay of Villefranche is clearly supersaturated with respect to aragonite as the minimum a is about 2.9. Undersaturation with respect to aragonite will also not be reached in a near future in the Mediterranean Sea. However, Cavolinia sp. can already face seasonal undersaturation with respect to aragonite in some temperate areas, such as the California upwelling zone, and such corrosive areas are extending as a result of ocean acidiWcation (Feely et al. 2008) . Until now, no eVect of such undersaturation conditions on the thecosome abundance has been detected (Ohman et al. 2009 ). Seasonal calcium carbonate undersaturation with respect to aragonite also occurred recently in the Arctic Ocean (Yamamoto-Kawai et al. 2009 ), and model projections indicate a fast increase in its extent in high latitude areas (Orr et al. 2005; Steinacher et al. 2009 ). Thus, larvae and juvenile of polar pteropods could be exposed to undersaturated conditions, similar to the one obtained in our very low pH experimental condition, in the next decade.
The aragonite saturation state is lower in winter when the temperature is colder. For example, it varies from 3.1 in winter to 3.9 in summer in the Bay of Villefranche (Comeau et al. unpublished data) . The winter time is also the main reproduction period of C. inXexa (Rampal 1975) , therefore exposing larvae, which are usually considered as a particularly sensitive life stage, to relatively lower CaCO 3 (calcium carbonate) saturation state.
However, our experiments indicate that pteropods are able to survive in undersaturated conditions without their shell. Other studies have also shown that calcifying organisms are able to survive without skeletons. Fine and Tchernov (2007) have demonstrated that corals exposed to undersaturated waters during 12 months are viable without a skeleton. Furthermore, skeleton-free corals exhibited a higher biomass than the control corals. Based on genetic studies, Pawlowski et al. (1999) have also established that naked foraminifera have existed.
Nevertheless, even if a shell-free life is possible in laboratory conditions, the shell of pteropods plays a major biogeochemical and biological role in the nature. In some area of the world ocean, they can represent a major part of the carbon transport to the deep ocean (Collier et al. 2000; Francois et al. 2002) . By increasing the sinking rates of dead body, pteropod shells facilitate a rapid transfer of organic matter to the sediment. Their shells are currently found in the sediment below the aragonite saturation horizon to form pteropod ooze. At least 12% of the calcium carbonate Xuxes are aragonitic (Berner and Honjo 1981) and as pteropods contribute to the majority of the aragonite Xuxes, a decrease in their shell contribution might also disrupt the ocean's calcium carbonate cycle. Furthermore, as a ballast enabling fast and cost-less vertical movement, the shell of pteropod plays an important role in their diurnal migrations. The shell of C. inXexa also plays a role in the buoyancy of the animal. Buoyancy control is an important mechanism to limit the energetic cost of swimming and optimize feeding. The ballast function is also an important defence system enabling pteropods to escape from predators by retracting their body into their shells and sinking away quickly (Lalli and Gilmer 1989) . In natural conditions, the loss of this protection will most likely increase the number of potential predators, notably small predators which are harmless today in the presence of the shells. Finally, the maintenance of the structural integrity of the body without a shell is likely much more uncertain in species with a spiral shell such as the keystone species Limacina helicina than in the triangular-shaped C. inXexa. The likely increase in predatory pressure could cause a dramatic decline in pteropod populations, leading to profound changes in several ecosystems. These results suggest that even if a shell-free life is possible for some thecosome in laboratory conditions, pteropod populations will most likely be severely impacted by ocean acidiWcation and will profoundly aVect the species dependent upon them as a food resource.
